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Abstract 

The immune system is crucial in protecting against disease, but it can also contribute to chronic 
illnesses when it malfunctions, with different conditions involving either inflammation or immune 
suppression. Current treatments often fall short due to limited effectiveness and side effects. 
Nanomedicine, particularly cerium oxide nanoparticles (nanoceria), offers promising potential due 
to its unique therapeutic properties and role in modulating macrophages. Nanoceria (<5 nm) possess 
the catalytic ability to mimic natural enzymes such as superoxide dismutase, peroxidase, and 
catalase, enabling effective scavenging of reactive oxygen species (ROS), which play a central role in 
the pathogenesis of chronic inflammation and cancer. This review comprehensively summarizes the 
current advances in the application of nanoceria for inflammatory and anti-inflammatory therapy, 
including their modulatory effects on immune cell activation, cytokine production, and resolution of 
inflammatory responses. We discuss the mechanisms underlying their immunomodulatory actions 
in various disease contexts, such as rheumatoid arthritis, women’s health conditions (e.g., 
endometriosis), wound healing, and cancer. Additionally, the review highlights biocompatibility, 
therapeutic efficacy, adaptability in imaging (theranostics), and challenges in translating nanoceria-
based therapies into clinical practice. The multifunctionality of nanoceria positions them as 
innovative candidates for next-generation immunotherapy aimed at efficiently controlling 
inflammation and promoting tissue repair. 

Keywords: immune system; inflammation; nanoceria; reactive oxygen species; immune response; 
imaging; therapy 
 

1. Introduction 

Inflammation and immune suppression are essential processes that maintain health in an 
individual. The immune system is an intricate network comprising cells, signaling molecules, and 
pathways that protect the body from external threats, such as pathogens and foreign substances, 
while preventing vital immune cells from damaging healthy tissue. Typically, this system balances 
pro-inflammatory and anti-inflammatory responses to achieve homeostasis in the body. 
Inflammation is commonly recognized by visible signs such as swelling, heat, loss of function, 
redness, and pain, collectively known by the acronym SHARP or the Latin terms tumor, calor, rubor, 
and dolor [1]. Inflammation has two primary forms: acute inflammation, a short-term response 
driven by the innate immune system, and chronic inflammation, which involves prolonged activation 
mainly by the adaptive immune system [2]. 

Acute inflammation is a vital response that supports survival and tissue repair. It begins when 
the innate immune system detects specific triggers, such as microbial molecules like 
lipopolysaccharides or proteins released from damaged cells. Mast cells serve as early detectors, 
commencing a signaling cascade [3], but neutrophils play a central role by engulfing pathogens and 
debris and releasing cytokines that recruit additional immune cells [4]. Subsequently, macrophages 
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and T cells arrive, evolving to secrete chemokines and cytokines that amplify the immune response 
[5]. CD8 T cells primarily release cytotoxic agents to kill infected cells, whereas CD4 T cells regulate 
and recruit other immune cells in the area [6]. Macrophages adjust their function according to signals 
received, such as interferon-gamma (IFN-γ) from CD4 T cells, which can polarize them into pro-
inflammatory M1 macrophages. These cells further engage neutrophils in a positive feedback loop 
that sustains inflammation [5]. 

To ensure healing and limit prolonged inflammation, this same cytokine signaling system 
activates anti-inflammatory pathways (Figure 1). While CD4 T cells produce IFN-γ to stimulate 
macrophages, this cytokine also attracts B cells that release anti-inflammatory cytokines and growth 
factors critical for resolving acute inflammation. B cells counterbalance the inflammatory loop by 
encouraging macrophages to shift towards the M2 anti-inflammatory macrophage phenotype [5,7]. 
Interleukin-10 (IL-10) is particularly important, as it signals mast cells to reduce neutrophil 
recruitment, suppresses CD4 T cells’ pro-inflammatory activity, and prompts macrophages to 
become anti-inflammatory. As inflammation subsides, cytokines such as tumor necrosis factor-alpha 
(TNFα) promote new blood vessel formation and improved blood flow, supporting tissue repair and 
return to normal function [8]. 

 

Figure 1. A depiction of how various immune cells interact through cytokine signaling and molecular 
communication pathways. Reproduced with permission from [5]. Copyright, 2021, Elsevier. 

Disruptions to this delicate immune equilibrium can lead to health problems. Chronic 
inflammatory diseases, known for persistent pain and often a lifelong burden, include conditions like 
rheumatoid arthritis, which affects about 1% of the global population [9]. Other chronic inflammatory 
disorders range from relatively mild ailments such as psoriasis to severe illnesses like cardiovascular 
disease, which may result in heart attacks or strokes [10,11]. Respiratory diseases, including asthma 
and chronic obstructive pulmonary disease (COPD), cause significant healthcare burden with 
numerous hospitalizations annually [12,13]. Moreover, chronic inflammation has been implicated in 
neurodegenerative diseases such as Alzheimer’s disease and dementia, which profoundly impair 
cognitive and emotional functions [14]. 
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While chronic inflammation is widely recognized, excessive or inappropriate anti-inflammatory 
responses also pose significant risks. For instance, in certain cancers, such as breast, kidney, and liver 
tumors, the tumor microenvironment is rich in M2 anti-inflammatory macrophages, often referred to 
as tumor-associated macrophages (TAMs). These cells secrete cytokines, such as IL-10 and TNFα, 
which support tumor growth and help tumors evade immune detection [15]. Similarly, compromised 
immune environments may fail to clear pathogens effectively, allowing infections to worsen and 
cause greater harm [16]. 

Current treatments for inflammation, although widely available, often have limitations in 
effectiveness. Nonsteroidal anti-inflammatory drugs (NSAIDs), such as ibuprofen, aspirin, and 
naproxen, work by inhibiting COX enzymes, reducing common symptoms like pain and swelling 
[17–19]. These medications are effective for acute inflammation but can have significant side effects, 
including gastrointestinal ulcers, kidney complications, liver damage, and increased bleeding risk 
[20–22]. Due to these concerns, alternative options are often sought, especially for long-term 
management. Steroids, specifically corticosteroids like hydrocortisone and prednisone, represent 
another major class of anti-inflammatory agents [23]. Hydrocortisone is commonly used topically for 
skin conditions such as eczema and psoriasis, offering relief from redness and itching with minimal 
side effects at low doses [24,25]. Systemic corticosteroids, like prednisone, are more potent and 
prescribed for conditions ranging from asthma exacerbations to autoimmune diseases [26–28]. 
However, they carry risks including acne, facial swelling known as “moon face,” and psychological 
effects such as mood disturbances [29,30]. Another option, opioid pain relievers, while not anti-
inflammatory, are also frequently used to manage pain associated with inflammation. These drugs 
work by altering pain perception rather than addressing the underlying immune response [31]. 
Although valuable in severe or traumatic cases, opioids have significant drawbacks, notably their 
high potential for addiction [32]. The opioid crisis in the United States, marked by hundreds of 
thousands of overdose deaths over recent decades [33], highlights the urgent need for safer, more 
effective treatments that can control inflammation and associated pain without risking dependence. 

While current therapeutic modalities for inflammation, including physical therapies and 
pharmacologic agents like NSAIDs and opioids, offer symptom relief, they face critical limitations 
mainly due to incomplete efficacy and significant safety concerns. There is an increasing need for 
novel therapies that focus on modulating specific inflammatory and resolution pathways, offering 
better safety and tailored approaches to address complex inflammatory conditions. Emerging 
biologics, resolution pharmacology, and precision medicine represent promising avenues for future 
inflammation management. 

Although not as common as anti-inflammatory treatments, inflammatory treatments for 
immune-suppressed conditions are also available. Adjuvants, substances known to elicit a strong 
inflammatory response when injected, are the simplest of these [34]. Used in vaccines to promote a 
robust response to pathogens, adjuvants are powerful tools that allow for the development of robust 
immunity [35]. For this reason, they have also been employed in immune-suppressed cancers to 
engage the immune system with mixed results [36]. Immunotherapies, which broadly enhance the 
immune response, have shown success in various conditions, including diabetes, allergies, and 
cancer [37–39]. For allergies, immunotherapies show great promise, with symptom improvements 
typically observed after 2-4 months and complete cycles of treatment taking 3-5 years [38]. In cancers, 
however, immunotherapies have had more mixed results, with some cancers responding well to the 
treatment and others showing limited or no response [39]. Table 1 represents the existing treatments 
for inflammation, along with their advantages and adverse effects. 
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Table 1. A list of various existing treatment methods for immune mediated conditions. 

2. Nanoparticles for Immune Applications 

The deliberate and precise engineering of nanoparticles enables the customization of their 
structural and functional attributes, making them highly suitable for specific biomedical applications. 
Nanoparticles, due to their nanoscale dimensions, possess unique physicochemical properties that 
make them promising candidates for addressing diseases modulated by the immune system. In 
scenarios where conventional therapeutic approaches prove inadequate or produce undesirable side 
effects, nanoparticles offer compelling alternatives, particularly for both pro- and anti-inflammatory 
interventions. Different types of nanoparticles, due to their modular and tunable design, can be 
tailored for distinct therapeutic roles, thereby enhancing treatment precision and minimizing 
systemic toxicity. Although the development of immune-targeted nanotherapeutics is relatively 
nascent, a rapidly growing body of research supports their significant potential in clinical 
immunomodulation [40]. A foundational application of nanoparticles lies in their role as drug 
delivery systems. Numerous pharmacological agents are currently available for treating immune-
related disorders; however, their clinical use is frequently limited by challenges such as low 
bioavailability, systemic toxicity, and off-target effects. Nanoparticles offer a platform for overcoming 
these limitations by enabling controlled release, targeted delivery, and protection of drug payloads 
from premature degradation [41]. Nanocarriers are broadly categorized into polymeric, inorganic, 
and lipid-based systems, each offering unique advantages and subtypes optimized for specific 
therapeutic contexts [42]. The role of nanoparticles and their immune applications are represented in 
Figure 2. 

Treatment Non-Steroidal 
Anto-

inflammatory 
Drugs 

(NSAIDs) 

Steroids 
(Corticosteroids) 

Opioid Pain Killers Adjuvants Immunotherapy 

Pros Simple to access; 
Very effective 
short term; Low 
cost 

Available in 
many 
formulations; 
Well-
characterized 
mechanism; 
Effective short 
and long-term 

Do not interfere 
with healthy 
inflammation; 
Prevents shock and, 
in some cases, death 
from trauma; Work 
with anti-
inflammatories 

Simple 
mechanism; 
Common 
; Many 
available 

Highly tunable; 
Useful for many 
diseases; Can 
treat away from 
site of 
administration 

Cons High doses 
cause side 
effects; Possible 
overdose; Can 
cause more 
inflammation 

Prolonged use 
results in severe 
side effects; Rare 
side effects make 
them unusable 
for some patients 

Not anti-
inflammatory; 
Highly addictive; 
Inadequate for 
chronic conditions 

Must be 
administered 
directly to 
the site of 
interest; 
Limited 
effects; Low 
tunability 

Long 
timeframes; 
Unpredictable 
side effects; 
Limited efficacy 

Examples Ibuprofen 
(Advil) 

Naproxen 
(Aleve) 

Acetylsalicylic 
acid (Aspirin) 

Hydrocortisone 
Prednisone 

Beclomethasone 

Oxycodone 
Hydrocodone 

Morphine 

Aluminum 
salts 

Virosomes 

Allergy shots; 
Type-1 Diabetes 
Delay; Reversal 
of tumor 
immune 
privilege 
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Figure 2. Overview of major nanoparticle-based immunotherapeutic strategies, categorized by mechanism of 
action. (A) Drug delivery systems utilizing nanoparticles such as polymeric nanocapsules, mesoporous silica, 
and liposomes encapsulating therapeutic agents. (B) Thermal-based therapies, including magnetic hyperthermia 
(via superparamagnetic nanoparticles (SPION) activated by magnetic fields) and photothermal therapy (using 
Prussian blue nanoparticle (PBNP) activated by laser light to induce cell death). (C) Immunostimulatory 
liposomes with surface and/or core modifications for targeted delivery of immune-activating agents. (D) 
Nanozymes—engineered nanoparticles with intrinsic enzymatic activity employed for enzyme replacement or 
reactive species scavenging to modulate the immune microenvironment. 

Nanoparticle drug carriers can be formulated based on different components of the material 
used (Figure 2A). Polymeric nanoparticles, particularly nanocapsules, are widely utilized due to their 
structural flexibility. Composed of a biodegradable polymer shell surrounding a central cavity, 
nanocapsules can encapsulate both hydrophilic and hydrophobic drugs. Their synthesis enables the 
fine-tuning of properties such as size, charge, and responsiveness to local stimuli, which supports 
site-specific release and reduced systemic off-targeting [43]. Inorganic nanoparticles, especially 
mesoporous silica nanoparticles, are favored for their high surface area-to-volume (S/V) ratios, ease 
of synthesis (e.g., via the Stöber method), and capacity to load and slowly release therapeutic 
molecules [44,45]. Surface modifications, such as polyethylene glycol (PEG) coatings, can be 
employed to extend circulation time and evade immune detection, further enhancing therapeutic 
outcomes [46]. Additionally, lipid-based nanoparticles, particularly liposomes, offer a biocompatible 
and biomimetic alternative to synthetic systems [47]. Structurally analogous to biological membranes, 
liposomes can encapsulate diverse payloads within their phospholipid bilayers [48]. Modified with 
targeting ligands or membrane-anchored adjuvants, liposomes can facilitate selective tissue targeting 
and extended systemic retention [49]. Their resemblance to endogenous extracellular vesicles 
minimizes immune clearance and enhances delivery to specific pathological sites, including tumors 
and inflamed tissues [50,51]. 

In addition to their efficacy as drug carriers, nanoparticles also hold intrinsic therapeutic 
potential beyond simple cargo transport. Their physicochemical properties can be harnessed to 
produce direct therapeutic effects. Treatments such as magnetic hyperthermia and photothermal 
therapy exemplify this concept (Figure 2B) [52]. Magnetic hyperthermia involves the administration 
of superparamagnetic nanoparticles to pathological sites, followed by exposure to alternating 
magnetic fields, which induces localized heating [53]. This thermal effect can destroy pathological 
tissues such as tumors or bacterial biofilms without affecting adjacent healthy structures [52,54]. 
Photothermal therapy employs photoactive nanoparticles that generate heat upon exposure to 
specific wavelengths of light, typically in the near-infrared range [55]. Both modalities not only exert 
direct cytotoxic effects via thermal ablation but also promote immunogenic cell death [56,57]. The 
resulting release of intracellular contents into the extracellular space stimulates innate immune 
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responses, thereby converting immunologically ‘cold’ environments, such as certain tumors, into 
immunologically ‘hot’ sites that are more amenable to immune surveillance and clearance. 

Beyond these modalities, certain nanoparticles, particularly lipid-based systems, can also act as 
direct immunostimulants. These particles can incorporate immunological components such as 
adjuvants and antigens within their structure or on their surface, thereby mimicking the behavior of 
natural pathogens or vesicles (Figure 2C) [58,59]. This allows them to stimulate the immune system 
in a manner that closely resembles physiological immune activation. One notable application is in 
the formulation of mRNA vaccines, such as those developed for COVID-19 by Pfizer and Moderna. 
These lipid nanoparticles encapsulate mRNA sequences that encode specific antigens. Upon cellular 
uptake, the mRNA is translated into protein antigens that elicit both innate and adaptive immune 
responses [60]. This approach has demonstrated exceptional efficacy and has revolutionized vaccine 
development by reducing dependence on attenuated or inactivated pathogens, which carry inherent 
safety risks [61,62]. 

A particularly innovative application of nanoparticles in immune modulation involves 
nanozymes—nanoscale structures that mimic enzymatic functions (Figure 2D) [63]. These artificial 
enzymes can catalyze biochemical reactions relevant to both diagnostics and therapy. In diagnostics, 
nanozymes are used in biosensors for rapid, point-of-care detection of disease biomarkers. For 
instance, cholesterol assays may utilize nanozymes that catalyze the formation of hydrogen peroxide, 
which can be easily detected [64]. In therapeutic contexts, nanozymes are particularly valued for their 
ability to scavenge reactive oxygen species (ROS), making them potent agents in the treatment of 
inflammation-driven diseases [65]. Materials such as cerium oxide nanoparticles (nanoceria) can 
mimic the activity of key antioxidant enzymes like superoxide dismutase, catalase, and peroxidase, 
neutralizing oxidative stress in pathological conditions such as neurodegenerative disorders (e.g., 
Alzheimer’s and Parkinson’s disease), autoimmune diseases like rheumatoid arthritis, and ischemic 
injuries including stroke and myocardial infarction [66–69]. Additionally, nanozymes such as 
Prussian blue nanoparticles and iron oxide nanozymes have been employed to reduce inflammation 
and oxidative stress in the tumor microenvironment during photothermal or radiation therapies 
[70,71]. By alleviating hypoxia and mitigating oxidative damage, nanozymes enhance the therapeutic 
response and improve overall patient outcomes. A list of nanoparticles with their role in 
immunomodulatory performances is provided in Table 2. 

Table 2. List of various nanoparticles and formulations used for inflammation studies. 

Nanomaterials Size Dose Outcome Cytokines/Chemokine
s 

In 
vivo/In 
Vitro 

Ref 

MWCNT L: 5–
15 μm; 
D: 10–
20 nm 

Inhalation 
5 mg/m3  

Immunosuppressio
n 

TGFβ↑, IL-10↑ Male 
C57BL/6 

[72,73] 
 

SWCNT L: 1–
3 μm; D: 
1–4 nm 

Pharyngeal 
aspiration 40-
120 μg/mouse 

Inflammation 
immunosuppression 

TNF-α↑, IL-6↑, MCP1↑ BALB/c 
C57BL/6 

[74] 

SWCNT L: 3–
30 μm; 

D: 
67 nm 

Intratracheal 
25, 50 μg 

Allergic 
inflammation 

IL-4↑, IL-5↑, IL-13↑, 
IFN-γ↑ 

Male 
mice ICR 

[75] 

MWCNT L: 15 ± 
5 μm 

D: 25 ± 
5 nm 

Intravenously 
1 mg/kg 

Inflammation IL-4↑, IL-33↑ C57BL/6 [76] 
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Graphene 4 ± 
1 μm2 
area 

Intravenously 
1 mg/kg 

Th2 immune 
response 

IL-33↑, IL-5↑, IL-13↑ C57BL/6 [76] 

Fullerene C60 N/A Intravenously 
50 ng/mouse 

Immunosuppressio
n 

Serum histamine↓, 
Lyn↓, Syk↓, ROS↓ 

C57BL/6 [77] 

Carboxyfulleren
e 

NA Peritoneum 
and air pouch 

40 mg/kg 

Activate immune 
system 

NA C57BL/6 [78] 

PEG coated 
AuNP 

13 nm Intravenously 
0-4.26 mg/kg 

Acute inflammation MCP-1/CCL-2↑,  BALB/c [79] 

PfMSP-
119/PvMSP-119 
coated AuNPs 

17 nm Subcutaneousl
y 25 μg/mouse 

Poor immunogenic N/A BALB/c [80] 
 

Citrate-stabilized 
AuNPs 

40 nm Oropharyngeal 
aspiration 
0.8 mg/kg 

Hypersensitivity MMP-9↑, MIP-2↑, TNF-
α↓, IL-6↓ 

TDI-
sensitise
d mice 

(BALB/c) 

[81] 

AgNPs 22.18 ± 
1.72 nm 

Inhalation 
of particles/cm3 

Immunosuppressio
n 

Malt1 gene↓, Sema7a 
gene↓ 

C57BL/6 [82] 

AgNPs 52.25 ± 
23.64 n

m 

Intratracheal 
instillation 3.5 
or 17.5 mg/kg 

Enhance immune 
function 

IL-1↑, IL-6↑, TNF-α↑, 
GSH↓, NO↑ 

Wistar 
rats 

[83] 

FeONP 43 nm Intratracheal 
instillation (4 or 

20 μg × 3) 

Activate immune 
response 

IFN-γ↑, IL-4↑ OVA-
BALB/c 

[84,85] 

FeONP 58.7 nm Intravenously 
≤10 mg iron/kg 

Immunosuppressio
n 

IFN-γ↓, IL-6↓, TNF-α↓ DTH 
mice  

[86] 

FeONP 35 ± 
14 nm 

Intratracheally 
500 μg/mouse 

Immunosuppressio
n 

IgE↓, IL-4↓ OVA-
BALB/c 

[87] 
 

Nanoceria D: 8 nm Oropharyngeal 
instillation of 

10-100 
μg/mouse 

Inflammation TNF-α↑, IL-6↑, 
osteopontin↑ 

C57BL/6 [88] 

Nanoceria D: 
55 nm 

Inhalation of 
641 mg/m3 

Inflammation IL-1β↑, TNF-α↑, IL-6↑, 
MDA↑, GSH↓ 

Wistar 
rats 

[89] 

Liposomal 
doxorubicin 

(Doxil) 

85–
100 nm 

Infuse in 
accordance 
with Doxil 

Hypersensitivity 
reactions 

NA Patients 
with 
solid 

tumors 

[90] 

Polystyrene NP 50 nm Intratracheal 
200 μg/mouse 

Anti-inflammation 
immunosuppression 

IL-4↓, IL-5↓, IL-13↓ Allergen 
challenge 

mice 

[91] 

Abbreviations: MWCNT: Multiwalled carbon nanotube; SWCNT: Single-walled carbon nanotube; L: Length; D: 
Diameter; FeONP: Iron oxide nanoparticles; AuNPs: gold nanoparticles; AgNPs: Silver nanoparticles. NA: Not 
reported. 

3. Nanoceria as Potential Nanomedicine 

Cerium, which holds the atomic number 58 on the periodic table, is a lanthanide and a rare earth 
metal characterized by its light grey, soft, and highly reactive nature in its pure solid form [92]. It 
commonly forms two types of oxides: CeO2, where cerium is in the +4 oxidation state, and Ce2O3, with 
cerium in the +3 state. These cerium oxides have distinct appearances and properties; CeO2 appears 
almost white or pale yellow, while Ce2O3 exhibits a richer yellow-gold [93]. Among these, CeO2 is 
more prevalent and interestingly contains some Ce3+ ions, which enhance its catalytic properties [94]. 
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Nanoscale cerium oxide (nanoceria) has gained attention for its medical applications due to its unique 
ability to switch between Ce3+ and Ce4+ on its surface, conferring enzyme-like antioxidant activity and 
the capacity to neutralize reactive oxygen species (ROS), thereby offering long-lasting anti-
inflammatory effects [95]. In nanoparticle form, cerium oxide surfaces display a mixture of Ce3+ and 
Ce4+ ions. As the particle size decreases, the number of surface oxygen vacancies and Ce3+ ions 
increases; this occurs because, to compensate for surface oxygen loss, two cerium ions transition from 
Ce4+ to Ce3+ [96,97]. The oxygen vacancies, also known as “catalytic hot spots”, exhibit a size-
dependent increase, with smaller nanoparticles tending to have a higher Ce3+ content [66,98]. 

The Ce3+ ions play a significant role in conferring reactive oxygen species (ROS) scavenging 
capabilities and other enzyme-like functions, making nanoceria effective antioxidants [94]. In 
addition to redox switching and oxygen vacancies in nanoceria, further scientific investigations are 
underway to elucidate their antioxidant activity. For instance, research by Celardo et al. 
demonstrated that modifying the redox state without affecting oxygen vacancies, such as doping 
with samarium, significantly reduced the antioxidant performance of nanoceria [99]. More recent 
studies by Wang et al. suggest that the antioxidant properties of nanoceria are linked to transient 
surface defect states (TSDSs) found in the electronic band structure of short-lived intermediate 
species [100]. Besides mimicking enzymes like superoxide dismutase (SOD) and catalase, nanoceria 
also utilizes non-catalytic chemical reduction pathways to neutralize superoxide ions and hydrogen 
peroxide, acting as reducing agents rather than catalysts [100]. This multifaceted mechanism 
underpins the extensive range of biomedical applications for nanoceria. 

3.1. Uptake and Localization of Nanoceria 

Understanding how nanoceria is absorbed and distributed within biological systems is essential, 
as these particles play significant roles in applications like drug delivery, imaging, and cancer 
treatment. The physical characteristics of nanoparticles, including size, shape, and surface features, 
strongly influence their cellular uptake [101]. It has been found that nanoparticles smaller than 70 nm 
enter cells more swiftly, with those under 10 nm being particularly effective for targeted drug 
delivery [41]. Surface modification with PEG or targeting ligands can enhance uptake efficiency, 
prevent particle aggregation, and extend blood circulations [46,102]. Factors such as surface coating, 
size, electrolyte levels, and environmental pH greatly affect nanoparticle aggregation in biological 
fluids and overall systemic targeting efficiency. 

Nanoparticles can cross cellular membranes through active or passive means. While lipid-based 
nanoparticles may enter cells via passive diffusion involving lipid interactions with the membrane 
[60], most nanoparticle uptake involves energy-dependent processes. This active uptake involves 
invaginations of the plasma membrane, forming vesicles through endocytosis or phagocytosis. The 
endocytic internalization pathways are diverse, including clathrin-mediated, caveolin-mediated, and 
other types of endocytosis, as well as micropinocytosis [103]. Tracking these uptake processes often 
relies on labeling nanoparticles with fluorescent dyes or radioactive tags, since nanoceria doesn’t 
possess an intrinsic fluorescence [104,105]. 

Self et al. demonstrated that fluorescently labeled nanoceria, with an average size of 3-5 nm, can 
localize in mitochondria, lysosomes, and the endoplasmic reticulum. The nanoceria were conjugated 
with CruzFluor fluorophores and shortly after exposure to HaCat cells, fluorescence microscopy 
imaging revealed that the cells internalized the particles faster than adherent ones (Figure 3A,B). The 
uptake occurs mainly through clathrin-mediated endocytosis and involves localization within the 
cytoplasm, with no observed toxicity at imaging concentrations [103]. In another study, Nadezda et 
al. used nanoceria conjugated with rhodamine B (~10 nm) as a sensor for ROS and as an antioxidant 
in human cell lines (Figure 3C) [104]. The NPs showed enhanced fluorescence in the cytoplasm, 
indicating its ability to stain cytoplasm rather than mitochondria (Figure 3D,E). These dye-tagged 
particles demonstrated antioxidant activity and successfully detected oxidative stress via 
fluorescence, underscoring their potential as multifunctional probes combining therapy and 
diagnostics (Figure 3F). 
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Figure 3. Fluorescently labelled nanoceria. (A) Emission spectra for CruzFluor fluorophore labeled nanoceria. 
(B) Time-dependent cellular uptake of nanoceria observed within the first 1–3 hours of incubation. Cells were 
treated with nanoceria in PBS for 1 hour (ii), 3 hours (iii), and 6 hours (iv). Nuclei were counterstained with 
DAPI. Control cells not exposed to nanoceria (i) exhibited no significant fluorescence signals. Scale bar 50 μm. 
(C) Synthetic route for conjugation of nanoceria with Rhodamine B. (D) Confocal microscopy analysis of RhB-
nanoceria uptake in HeLa cells following 3-hour incubation. Live-cell z-stack images (a–d) illustrate nanoparticle 
distribution. (E) Merged brightfield and fluorescence images reveal cytoplasmic staining with N-acridine orange 
(NAO), emitting green fluorescence. (E) Single-cell views highlight green fluorescence from SYTO80-labeled 
nucleic acids, while the red signal corresponds to the intrinsic fluorescence of RhB-nanoceria. (a–f) represents 
live-cell z-stack images. (F) Evaluation of the impact of nanoceria and RhB-nanoceria (both at 20 μg/mL) on 
rotenone-induced reactive oxygen species (ROS) generation in HeLa cells. Bar graphs depict DCFH fluorescence 
intensity as a measure of ROS levels across varying concentrations of rotenone. Data are presented as mean ± 
SEM from three independent experiments (n = 3) and analyzed using one-way ANOVA. Statistical significance 
compared to untreated control cells is indicated as *p < 0.05 and p < 0.01. Reproduced with permission from 
[103,104]. Copyright 2010 and 2015, RSC publishers. 

3.2. Factors Affecting Different Activities of Nanoceria 

The catalytic efficiency and functional roles of nanomaterials are strongly influenced by their 
physical and chemical properties, including dimensions, morphology, and surface composition. In a 
study conducted by Lord et al., nanoceria were synthesized in sizes ranging from 3 to 94 nanometers 
to assess their capability to neutralize ROS in human monocytes and macrophages [106]. The findings 
indicated that robust antioxidant activity appeared to be independent of both particle size and 
oxygen vacancy concentration. Complementing this, Vassie and coworkers explored how the particle 
size of nanoceria affected cellular uptake, internalization, and ROS scavenging in cancer cells, 
concluding that larger particles (~94 nm) had enhanced ROS-neutralizing performance [107]. They 
also uncovered that nanoceria enter cells through energy-dependent mechanisms involving clathrin-
mediated endocytosis, caveolae, and other non-specific routes. 

Lee and colleagues examined ultrasmall nanoceria (~4 nm) and noted their potent antioxidant 
capabilities, which were further modulated by the thickness of polymer coatings [108]. Thinner 
coatings promoted more rapid interaction between Ce3+ ions and hydrogen peroxide. Meanwhile, 
Patil’s group analyzed the impact of surface charge on protein binding and cellular uptake, revealing 
that positively charged nanoparticles had a higher affinity for protein adsorption, whereas negatively 
charged ones demonstrated more efficient entry into A549 cells [109]. In related work, Celardo 
demonstrated that nanoceria can mitigate apoptosis triggered by various toxic agents in a dose-
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responsive manner, with protective effects closely tied to the presence of Ce3+ ions and their ROS-
scavenging function [99]. Research by Asati et al. emphasized that negatively charged nanoceria were 
preferentially internalized by cancer cells and that their cytotoxic impact was enhanced when the 
particles accumulated in lysosomes instead of remaining in the cytosol [110]. 

Further insights into the activity of nanoceria revealed that enzyme-mimetic behavior depends 
on their surface crystal facets. Yang et al. synthesized nanocubes and nanorods with consistent 
Ce3+/Ce4+ ratios and oxygen vacancy levels but differing exposed facets; nanocubes with 100 surfaces 
exhibited greater peroxidase-mimicking activity, while nanorods with 110 facets showed stronger 
superoxide dismutase (SOD)-like activity [111]. Additionally, Gubernatorova’s team explored the 
potential of enhancing cerium oxide antioxidant properties through doping. Incorporating europium 
(Eu) into the cerium oxide structure increased oxygen vacancy levels leading to improved ROS 
mitigation, particularly in a model of intestinal injury caused by ischemia-reperfusion [112]. 

3.3. Enzyme-Mimetic Properties of Nanoceria 

X-ray photoelectron spectroscopy (XPS), Fourier-transform infrared spectroscopy (FTIR), and 
ultraviolet-visible (UV–Vis) analyses demonstrated that treating nanoceria with hydrogen peroxide 
(H2O2) reduces the proportion of Ce3+ relative to Ce4+ ions and indicates the formation of peroxyl 
groups on the nanoparticle surface [68,113,114]. The primary mechanism for neutralizing reactive 
oxygen species (ROS) by nanoceria relies on redox reactions and oxygen exchange occurring at their 
surface. The simultaneous presence of Ce3+ and Ce4+ allows these nanoparticles to catalytically interact 
with superoxide anions (O2−) and H2O2 by oxidizing Ce3+ and reducing Ce4+ [115,116], thereby 
scavenging a wide array of ROS types [117,118]. 

While much research has focused on the ROS-scavenging capabilities of nanoceria, particularly 
their reactivity toward hydrogen peroxide, studies quantifying oxygen transport and specific ROS 
species in biological contexts remain limited. Evidence shows that exposure to H2O2 leads to the 
oxidation of surface Ce3+ ions into Ce4+ and the generation of superoxide (O2−) complexes on the 
nanoparticle surface, as verified by FTIR and XPS data [93]. Changes in the XPS spectra after H2O2 
treatment confirm the dynamic redox behavior [68]. Furthermore, the detection of O22− stretching 
vibrations at 852 cm−1 in FTIR spectra after H2O2 exposure supports the hypothesis of superoxide 
adsorption onto the surface of nanoceria, highlighting a surface-bound mechanism of ROS 
interaction. The catalytic behavior of nanoceria is largely governed by the dynamic redox cycling 
between Ce³⁺ and Ce⁴⁺ ions. This reversible redox interplay acts like a seesaw, enabling fine-tuning 
of their enzyme-mimicking activities. Typically, nanoceria exhibits four major types of enzyme-like 
functions: superoxide dismutase (SOD)-like, catalase (CAT)-like, oxidase (OXD)-like, and peroxidase 
(POD)-like activities. A general schematic for the enzyme-mimetic properties of nanoceria is 
represented in Scheme 1A. 
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Scheme 1. (A) A schematic representation of dynamic seesaw-like model of nanoceria and different enzyme-
mimicking activities by ceria-based nanozymes. (B) Schematic representation of the SOD-mimetic mechanism of 
nanoceria: (C) The mechanism involves several redox steps at the nanoparticle surface: ① Oxygen vacancies 
present on the nanoceria surface act as active sites; ②H₂O₂ binds to surface Ce⁴⁺ sites; ③ This interaction leads 
to proton release and electron transfer, reducing Ce⁴⁺ to Ce³⁺; ④ Molecular oxygen (O₂) is subsequently released 
from the reduced vacancy site; ⑤ A superoxide (O₂⁻) radical binds to the exposed oxygen vacancy; ⑥ The 
radical undergoes dismutation to form H₂O₂, which is released from the surface. ⑦ A second superoxide anion 
binds and completes the redox cycle, mimicking native superoxide dismutase (SOD) activity by converting 
reactive oxygen species (ROS) into less harmful products. (D) Illustrated mechanisms of catalase-like activity by 
nanoceria: The steps involved in the oxidation reactions follow the same order as shown in Figure 3b (steps ① 
to ④). Step ⑤ represents the interaction of hydrogen peroxide (H₂O₂) with a site containing two Ce³⁺ ions, while 
step ⑥ denotes the uptake of two protons during the process. (E) Reaction pathway for peroxidase catalysis 
using nanoceria. Reproduced with permission from [113]. Copyright, 2023, American Chemical Society. 

3.3.1. SOD-like Activity 

Superoxide dismutase (SOD) is a key antioxidant enzyme that converts harmful superoxide 
radicals (O₂•⁻) into oxygen and hydrogen peroxide (H₂O₂). Despite its biological importance, natural 
SOD has clinical limitations due to high production costs and short half-life. Interestingly, nanoceria 
exhibit SOD-like activity, largely attributed to the redox cycling between Ce³⁺ and Ce⁴⁺ ions. Caputo 
et al. proposed that this redox switch enables nanoceria to mimic SOD by facilitating electron transfer. 
However, the slower transfer from Ce³⁺ to O₂•⁻ appears to limit the reaction rate, meaning higher 
Ce³⁺ content improves efficiency [119] (Scheme 1B,C). Heckert et al. confirmed via EPR that SOD-like 
activity increases with the Ce³⁺/Ce⁴⁺ ratio, which can be tuned by reducing nanoparticle size [120]. 
Baldim’s research further demonstrated that smaller nanoceria (4.5–28 nm) with higher Ce³⁺ content 
showed enhanced catalytic behavior following a Langmuir isotherm [121]. 

Doping nanoceria with low-valence ions, such as europium, boosts oxygen vacancies and Ce³⁺ 
levels, further enhancing enzymatic activity and enabling fluorescence-based biosensing [122]. 
Mechanistically, nanoceria either follow a dismutation pathway or an oxygen vacancy-mediated 
process where superoxide is adsorbed, and Ce(III) transfers electrons, generating H₂O₂. In turn, H₂O₂ 
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participates in the redox cycling of Ce ions, allowing continuous superoxide scavenging. Although 
current evidence supports the positive role of Ce³⁺ in SOD-like activity, the detailed redox interactions 
with H₂O₂ remain poorly understood and warrant further experimental and theoretical investigation. 

3.3.2. CAT-like Activity 

Nanoceria exhibits catalase-like activity by breaking down H₂O₂ into water and oxygen, helping 
to reduce oxidative stress. This activity is influenced by the Ce⁴⁺/Ce³⁺ ratio, with higher Ce⁴⁺ levels 
generally enhancing the catalytic function. Studies suggest that Ce⁴⁺ plays a crucial role in electron 
transfer during H₂O₂ decomposition, potentially making it the rate-limiting step in the reaction [116] 
(Scheme 1D). Although further studies are needed to clarify this mechanism, experimental data show 
that CeO₂ with high Ce⁴⁺ content performs more effectively in biological environments than CeO₂ 
rich in Ce³⁺ [123]. For instance, in liver cells where natural catalase is inhibited, nanoceria significantly 
lowered H₂O₂ levels, indicating their therapeutic promise [123,124]. The accepted model for catalysis 
involves a two-step redox process between Ce⁴⁺ and Ce³⁺ during H₂O₂ interaction [125]. However, 
some studies challenge this by suggesting the reaction may not rely on localized Ce³⁺ but instead 
involve broader electron delocalization [100]. The dynamic behavior of oxygen vacancies further 
complicates pinpointing the exact reaction sites. Given these complexities, more in-depth mechanistic 
studies are essential to optimize enzymatic nanoceria for biomedical applications. 

3.3.3. OXD-like Activity 

Oxidase (OXD) enzymes play a vital role in human physiology by catalyzing the oxidation of 
substrates, including amino acids, amines, and alcohols, using molecular oxygen. This process 
produces hydrogen peroxide or water, and sometimes superoxide radicals, often accompanied by a 
visible color change, making OXD enzymes useful for biosensing applications. Despite their 
importance, reports of nanomaterials with strong oxidase-like activity remain limited. Nanoceria 
exhibit enzyme-like behaviors due to their unique redox “seesaw” mechanism, which is influenced 
by their size, shape, and surface chemistry (Scheme 1A). While nanoceria typically shows SOD and 
CAT activities depending on its Ce³⁺/Ce⁴⁺ ratio, studies have demonstrated that modifications like 
dextran or poly(acrylic acid) coatings enhance its OXD-like activity, especially under acidic 
conditions [126,127]. For example, acidic pH improves the ability of nanoceria to fully oxidize 
ampliflu, unlike the partial oxidation observed at neutral pH. Fluoride capping further boosts this 
activity by enhancing substrate binding, preventing product inhibition, and promoting electron 
transfer [128]. Mechanistic studies show that under acidic conditions, nanoceria adsorbs oxygen, 
facilitating its reduction to superoxide (O₂•–), which is subsequently converted to H₂O₂ and 
ultimately to hydroxyl radicals via a Fenton-like reaction. This explains the strong oxidase activity of 
nanoceria in acidic environments. Leveraging this, researchers have developed sensitive cancer 
biomarker detection methods by nanoceria, demonstrating their promise for diagnostics in clinical 
and point-of-care settings [126,129]. 

3.3.4. POD-like Activity 

Peroxidases (PODs) are crucial enzymes in the antioxidant defense system, catalyzing the 
oxidation of various substrates using hydrogen peroxide as an oxidizing agent. This diverse group 
includes enzymes like glutathione peroxidase, which mitigates oxidative stress by neutralizing 
intracellular ROS, and myeloperoxidase, known for its role in immune defense against pathogens. 
Horseradish peroxidase (HRP) is widely employed in clinical diagnostics due to its ability to catalyze 
chromogenic reactions with specific substrates. Recently, increasing attention has been directed 
toward inorganic nanomaterials that emulate peroxidase activity. Nanoceria and their composites 
have shown significant promise [113,130–132]. For instance, Mn(II)/Ce composites have enabled the 
sensitive detection of hydrogen peroxide and glucose [133], while Ce-SrMOF-based sensors have 
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been developed for assessing antioxidant levels in the saliva of lung cancer patients [134]. These 
advances highlight the need to understand better the mechanisms underlying their catalytic function. 

Despite both utilizing H₂O₂, catalase and peroxidase differ mechanistically: catalase promotes 
H₂O₂ disproportionation into water and oxygen, whereas ceria-based peroxidase mimics decompose 
H₂O₂ into reactive radicals like hydroxyl and superoxide species, which then oxidize target substrates 
(Scheme 1E). Research by Heckert et al. revealed that Ce³⁺ surface sites play a vital role in H₂O₂ 
adsorption and radical generation during these reactions [135]. Furthermore, the enzyme-like activity 
of nanoceria correlates with its Ce³⁺ content and acidic conditions, enhancing hydroxyl radical 
production as evidenced by DNA relaxation assays. Building on this, Liu and colleagues developed 
porphyrin-modified ceria nanorods with superior POD-mimetic properties [66]. Their study 
demonstrated that porphyrin facilitated electron transfer to nanoceria under light activation, 
reducing recombination losses and enhancing the formation of reactive oxygen species. This 
synergistic approach opens new pathways for developing highly efficient nanozymes. 

4. Biomedical Application for Nanoceria 

Nanoceria exhibits a wide range of biomedical uses, including roles in antioxidant therapy 
[136,137], cancer treatment [138], antimicrobial action [139,140], as well as in drug and gene delivery 
[141], biosensing [142,143], medical imaging [144], and controlling inflammation [66,145]. Their 
favorable biocompatibility and selective cytotoxicity in diseased cells make them highly attractive for 
clinical use. Moreover, these nanoparticles have shown considerable potential in promoting wound 
repair [146,147] and tissue regeneration [148], primarily through their regulation of oxidative stress 
and inflammatory responses. In this review, we highlight the state of the art in using nanoceria for 
various biomedical applications related to their antioxidant and anti-inflammatory properties. 

4.1. Nanoceria for Antiinflammation Applications 

Nanoceria has emerged as a promising alternative to traditional non-steroidal anti-
inflammatory drugs (NSAIDs). While conventional agents such as ibuprofen, naproxen, and 
corticosteroids are widely used to manage both acute and chronic inflammatory conditions, 
including minor injuries and severe diseases like asthma, they are often limited by significant side 
effects [22]. In contrast, nanoceria offers several therapeutic benefits, including selective localization 
at inflammation sites, redox-based catalytic activity, and prolonged retention in affected tissues 
[68,146]. Importantly, research suggests that nanoceria induces minimal toxicity, enhancing its appeal 
as a safer option. Its efficacy is particularly notable in addressing chronic inflammation, which can 
persist for extended periods and lead to tissue damage due to unresolved immune signaling. Unlike 
acute inflammation, chronic conditions often persist without resolution, causing a range of diverse 
symptoms that depend on the affected tissue. As existing treatments struggle to address long-term 
inflammatory diseases, nanoceria represents a compelling avenue for future therapeutic 
development. Nanoceria has shown significant potential in controlling inflammation across various 
disease conditions by lowering the levels of ROS. Its strong anti-inflammatory action stems from its 
ability to neutralize free radicals effectively. Additionally, nanoceria exerts its therapeutic effects by 
influencing key inflammatory pathways, including the suppression of NF-κB, IL-6, and IL-8, while 
also enhancing the expression of antioxidant enzymes like superoxide dismutase and catalase 
[149,150]. 

Rheumatoid Arthritis (RA) is a chronic autoimmune disorder which is characterized by 
persistent inflammation and ROS generation. Nanoceria has the potential for pain relief and ROS 
reduction in rheumatoid arthritis. In a recent study, Zhang et al. prepared silver-modified ceria 
nanoparticles loaded with celastrol (Ag-CeNP@Cel) for the treatment of RA [151]. The 
nanoformulation enhanced the water solubility of the drug celastrol, and synergistically scavenged 
excess ROS, thereby reprogramming M1 macrophages into M2 macrophages. These particles thereby 
mitigated inflammatory responses and improved the rheumatoid arthritis microenvironment. The 
nanoparticles were also conjugated with cyanine dye for diagnostic purposes and administered in 
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adjuvant-induced arthritis mouse models. Results in these model organisms showed four times 
higher fluorescence in the inflamed legs as compared to the non-inflamed legs of normal mice. 

From our group, Kalashnikova et al. showed that RA could be effectively treated using 
inflammation-targeting albumin-nanoceria. Small, crystalline nanoceria, rich in Ce3+, is fabricated 
onto albumin via a biomineralization process (Figure 4A) [68]. Albumin is a common blood protein 
that accumulates in sites of inflammation and offers nanoceria with excellent stability, non-toxicity, 
and safety for biological applications. Collagen-induced arthritis model mice treated with nanoceria 
showed reduced inflammation in the paws of the nanoceria-treated mice as compared to mice treated 
with PBS. Interestingly, the performance of the albumin-nanoceria was comparable to that of 
Methotrexate, a common anti-inflammatory drug (Figure 4B). Immunofluorescence staining studies 
showed that both PBS-treated and nanoceria-treated mice had high levels of macrophages (M0), as 
indicated by the presence of CD11b. Tissues from nanoceria-treated mice exhibited higher levels of 
Arg-1, an anti-inflammatory M2 marker, and lower levels of iNOS, a pro-inflammatory M1 marker 
(Figure 4C). Notably, the in vitro studies conducted in this study provide insight into the mechanism 
by which albumin-nanoceria treats RA. Flow cytometry performed on Raw264.7 macrophages and 
THP-1 monocytes reveals an immunomodulatory effect of the particles, allowing cells to transition 
from a pro-inflammatory to an anti-inflammatory phenotype (Figure 4D). This result highlights 
nanoceria being an effective, long-term anti-inflammatory drug in this condition. Xia et al. used 
manganese-doped nanoceria for RA [152]. Here, manganese enhances ROS scavenging while acting 
as a nanocarrier for the drug Methotrexate. To improve the targeting and delivery of the drug, the 
NPs were coated with BSA and dissolved in hyaluronic acid-based microneedles (Figure 4E). Flow 
cytometry analysis revealed that nanoparticles at a concentration of 25 μg/mL exhibited notable ROS 
scavenging capacity. A dose-dependent reduction in reactive oxygen species (ROS) levels was 
observed in macrophages, indicating the nanoparticles’ effectiveness in suppressing ROS generation. 
Additionally, measurements of immunofluorescence intensity further supported the ability of the 
nanoparticles to efficiently eliminate intracellular ROS. 

 

Figure 4. Application of nanoceria for Rheumatoid Arthritis. (A) A pictorial representation for the albumin-
nanoceria and its visual appearance. (B) Assessment of the therapeutic efficacy of Albumin-nanoceria in CIA 
mice through clinical scoring over a 3-week period (N = 6). Mice treated with Albumin-nanoceria (50 μL, blue 
line) exhibited an average clinical score of 4.8 ± 1.1, comparable to the methotrexate (MTX) group (50 μL, yellow 
line), and significantly lower by approximately 2.4-fold than the PBS control group (black line). The inset 
displays representative images of paw inflammation used for scoring. Error bars represent the standard error of 
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the mean (SEM); statistical significance indicated as *p < 0.05, *p < 0.005 versus PBS control. (C) Fluorescence 
images of tissue sections from PBS and Albumin-nanoceria-treated mice show high macrophage infiltration 
(CD11b, red) in inflamed paws (DAPI, blue). Albumin-nanoceria treatment reduced pro-inflammatory M1 
macrophages (iNOS, pink) and increased anti-inflammatory M2 macrophages (Arg-1, yellow). The lower panel 
represents quantified fluorescence signals of CD11b, iNOS, and Arg-1 across 25 ROIs (5 images from two mice 
per group; error bars = SD; ***p < 0.0005). (D) Mean fluorescence intensity data for THP-1 cells treated with 
albumin nanoceria. The Albumin-nanoceria treated cells showed lower CD80 than samples treated with IL4/IL13 
(N = 3, error bars = SD, p-value: *p < 0.05). (E) A schematic representation and therapeutical application of 
manganese dopped nanoceria for RA. Reproduced with permission from [68,152]. Copy right 2020, Ivy spring 
Publishers. 2024, Springer publishers. 

RA is characterized by synovial inflammation, primarily driven by pro-inflammatory M1 
macrophages [153]. Therapeutic strategies that reduce M1 and promote anti-inflammatory M2 
macrophages are crucial. Hypoxia and elevated ROS in the RA synovium contribute to this M1/M2 
imbalance. To address this, manganese ferrite–ceria nanoparticle-anchored mesoporous silica 
nanoparticles (MFC-MSNs) have been developed by Kim et al. [154]. These hybrid nanoplatforms 
synergistically scavenge ROS and generate oxygen, promoting macrophage polarization from M1 to 
M2 phenotypes. This is achieved through ceria nanoparticles neutralizing hydroxyl radicals 
produced by manganese ferrite during the Fenton-like reaction. In vitro and in vivo studies 
confirmed effective immune modulation, with intra-articular injection of MFC-MSNs in RA rat 
models alleviating joint hypoxia, inflammation, and damage. Additionally, methotrexate was loaded 
into MSNs for sustained release, further enhancing therapeutic outcomes. This multifunctional 
nanotherapeutic shows promise for RA by targeting oxidative stress and immune dysregulation 
simultaneously. Lin et al. showed that R-dihydrolipoic-acid stabilized cerium-modified gold 
nanoclusters (~3.4 nm) hold promise for treating advanced-stage RA [155]. In collagen-induced 
arthritis rat models, these nanoclusters normalized cytokine levels by modulating B cell activity 
within 24 hours and suppressed B cell memory responses. Notably, these NPs outperformed 
standard RA drugs like methotrexate and etanercept in reversing disease progression. 

Chronic pancreatitis, though less frequently discussed, is a devastating and life-threatening 
condition characterized by irreversible pancreatic damage, excessive extracellular matrix (ECM) 
deposition, and impaired pancreatic function. A major complication of this chronic disease is 
pancreatic cancer, and individuals affected by chronic pancreatitis typically experience a significantly 
reduced lifespan. Currently, there are no curative treatments available; therapies merely aim to slow 
disease progression without halting or reversing it. However, promising research by Godgu and 
colleagues demonstrates that nanoceria may offer a novel therapeutic approach [156]. In their study, 
~100 nm nanoceria particles were synthesized and administered to animal models of chronic 
pancreatitis. The treatment significantly reduced inflammation by lowering levels of key 
inflammatory markers, such as NF-κB, and inhibited pro-fibrotic signaling pathways. Notably, 
nanoceria treatment led to reduced ECM accumulation and endoplasmic reticulum (ER) stress. These 
results indicate that nanoceria not only alleviates inflammation but may also substantially slow or 
even halt disease progression. This groundbreaking approach holds great potential as a 
transformative therapy for chronic, irreversible pancreatic disorders, offering patients improved 
outcomes and enhanced quality of life. In a separate study, Luo and colleagues demonstrated that 
utilizing a combination of calcium-binding agents and cerium-based nanozymes carrying catalase 
effectively reduced excessive ROS and alleviated mitochondrial damage, resulting in comprehensive 
anti-inflammatory benefits [157]. This nanotherapeutic system also helped restore disrupted 
autophagic processes and reduced endoplasmic reticulum stress in the pancreas, aiding the recovery 
of damaged acinar cells. On a mechanistic level, treatment with the nanoplatform corrected metabolic 
disruptions within pancreatic tissue and suppressed key inflammatory signaling pathways involved 
in the progression of pancreatic inflammation. 
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4.2. Nanoceria for Immunotherapy Applications 

Nanoceria has been explored in specific immunotherapy applications, primarily as an 
immunomodulatory nanodrug [68]. One could argue that the treatment of rheumatoid arthritis with 
nanoceria and its associated modulation of macrophages from an M1 pro-inflammatory to an M2 
anti-inflammatory phenotype constitutes a form of immunotherapy; however, in these applications, 
it is not being utilized to its full potential to affect the entire immune environment. Other populations 
of cells can be activated or deactivated, including T cells, B cells, and NK cells. Early evidence 
supports the claim that nanoceria can be used to modulate these cell populations, in addition to 
macrophages and monocytes. For diseases with complex immune phenotypes, such as endometriosis 
and cancer, this makes nanoceria an attractive option for treatment [105,158]. To thoroughly examine 
the use of nanoceria as an immunotherapy, applications of nanoceria beyond the simple tuning of 
macrophages must be explored and characterized. 

Generally, tumors are remarkably difficult to treat due to the complex nature of tumor 
microenvironment (TME). Tumors often have hypoxic cores with a lack of useable oxygen, which 
inhibits immune activity and prevents effective treatment [159]. Unfortunately, tumors are also 
known to have highly metabolically active exteriors with anti-inflammatory tumor-associated 
macrophages preventing an appropriate pro-inflammatory response to abnormal tumor cells 
[15,160]. Paradoxically, it has been shown that nanoceria can both be used to relieve tumor hypoxia 
by scavenging ROS and be used to generate ROS in tumor environments. This is due to the pH-
responsive behavior of nanoceria, which allows for the scavenging of ROS in neutral or basic 
environments as commonly reported, and the generation of ROS in acidic environments like those 
found in tumors as demonstrated by Wang et al. [161]. These smart NPs show a 3-in-1 action, pH 
responsiveness, controlled release of doxorubicin, and TME-responsive combination therapy. Glycol 
Chitosan-coated nanoceria were loaded with doxorubicin, and for target specificity CXCR4 
antagonist (AMD11070) on nanoceria. Blocking CXCR4 allows reducing the crosstalk between TME 
and tumor cells, which leads to the inhibition of tumor metastasis. The study showed, under acidic 
pH conditions, tumor cell apoptosis and reduced tumor growth in vitro in human retinoblastoma 
(Rb) cells and in vivo in mouse genetic RbLox/lox p107+/− p130−/− (p107s) and human xenograft Rb 
models. Nanoceria has a dual effect both protecting normal tissues from oxidative stress and 
unnecessary inflammation while triggering a much-needed inflammatory cascade in immune-
suppressed cancers. As the hypoxic core of tumors does not have the same molecular environment 
as the acidic exterior, nanoceria instead restores oxygen to the area, allowing for greater efficacy of 
cancer therapies. Though research in nanoceria as an immunotherapy is still nascent, the particles 
hold enormous potential in a variety of immune modulated disease states beyond typical 
inflammatory conditions. 

Fernández-Varo et al. demonstrated that 4–5 nm nanoceria, synthesized via co-precipitation, 
exert strong antioxidant and anti-inflammatory effects in Wistar rats with hepatocellular carcinoma 
[162]. Treatment improved survival by reducing macrophage infiltration and phosphorylated 
ERK1/2 levels, key components of the Ras/MAPK pathway. Nanoceria also helped restore disrupted 
fatty acid metabolism, which is crucial for cancer cell growth. In a breast tumor model, nanoceria 
reduced oxidative and inflammatory markers like MDA, MPO, and nitric oxide. While promising, 
further studies are needed to clarify how nanoceria regulates lipid metabolism in disease. 

The therapeutic efficacy of nanoceria in cancer treatment has been explored across various 
preclinical models. In one study, Tian and colleagues demonstrated that intravenously delivered 
porous cerium oxide nanorods, synthesized using a hydrothermal technique, reduced tumor mass 
by 51.1% [163] (Figure 5A). This anti-tumor effect was further enhanced to 96.1% when the nanorods 
were coated with sodium polystyrene sulfonate (Figure 5B). Administration of nanoceria (~32 nm in 
size, carrying a surface charge of −26.3 mV intraperitoneally at a dose of 0.5 mg/kg to mice 
significantly inhibited the progression of WEHI164 tumors [164]. Additionally, a copper-doped 
version of nanoceria almost completely halted tumor growth, achieving 98.5% inhibition [165]. 
Reduced tumor cell proliferation was supported by the marked suppression of Ki67 expression in 
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MDA-MB-231 tumors in mice [165] and hepatocellular carcinoma models in rats [162] after nanoceria 
treatment. Histological assessments using hematoxylin and eosin (H&E) staining indicated a greater 
presence of necrotic and apoptotic cells in treated tumor samples compared to controls (Figure 5C) 
[163]. Furthermore, TUNEL assays revealed extensive DNA fragmentation in nanoceria-treated 
tissues, highlighting increased levels of apoptosis (Figure 5C). Molecular analyses showed 
upregulation of pro-apoptotic genes such as Bax and caspase-3, alongside reduced expression of the 
anti-apoptotic gene Bcl-2. Elevated levels of reactive oxygen species (ROS), as indicated by 
dihydroethidium (DHE) staining, suggested that oxidative stress-induced apoptosis was a key 
mechanism of action (Figure 5C). 

Nanoceria is also being evaluated as a non-steroidal anti-inflammatory drug for endometriosis 
theranostics. Endometriosis is a chronic inflammatory disease affecting approximately 10% of 
reproductive-aged women globally, characterized by the growth of endometrial-like tissue outside 
the uterus [166,167]. Studies have identified a strong link between oxidative stress (OS) and the 
development of endometriosis, with abnormal endometrial angiogenesis also playing a central role 
in the disease’s progression. In a notable study by Chaudhury et al., nanoceria were successfully 
employed to alleviate symptoms of endometriosis [168]. These nanoparticles, characterized by their 
dual oxidation states (Ce³⁺ and Ce⁴⁺), function as efficient scavengers of free radicals such as 
superoxide and hydrogen peroxide. When administered intraperitoneally at a single dose of 0.5 
mg/kg in a murine model, nanoceria significantly reduced the formation of endometrial lesions. This 
therapeutic effect was attributed to a decrease in oxidative stress markers, including ROS, lipid 
peroxidation, and an improvement in total antioxidant capacity as well as suppressed angiogenesis, 
evidenced by lower levels of vascular endothelial growth factor and adrenomedullin. Compared to 
the commonly used antioxidant N-acetyl cysteine, administered at 250 mg/kg three times weekly for 
15 days, nanoceria demonstrated superior outcomes. Additionally, the treatment helped improve 
oocyte quality, a key determinant of reproductive success in individuals with endometriosis. 

Rahman and colleagues demonstrated the efficacy of nanoceria in the treatment of 
endometriosis, a disease characterized by complex immune interactions [158]. There are several 
differences between the immune profiles of healthy and diseased animals, including an increased 
prevalence of pro-inflammatory macrophages and T-cells as well as reduced NK cells and anti-
inflammatory macrophages, which are present in endometrial lesions. Plausible treatments for 
endometriosis include common STAT and JAK inhibitors, which have been shown to reduce disease 
burden through limiting pro-inflammatory signaling. However, a major challenge present in the 
treatment of endometriosis is that lesions are phenotypically similar to normal uterine tissue. 
Unfortunately, the same inhibitors that are useful in reducing disease burden act on appropriate 
activation of STAT3 in the uterus, leading to many undesirable symptoms, including infertility [169]. 
For this reason, albumin-nanoceria was explored as a targeted STAT/JAK inhibitor and 
immunotherapy in endometriosis (Figure 5D). Nanoceria was able to have a distinct, targeted effect 
on endometrial lesions without affecting the uterus, as confirmed by fluorescence and photoacoustic 
signals from albumin-nanoceria conjugated with indocyanine green (ICG). These NPs enabled non-
invasive detection of endometriosis lesions (Figure 5E). In model mice treated with albumin-
nanoceria, there was a reduction in lesions comparable to the effect of the JAK inhibitor or Tofacitinib. 
The pSTAT3 (the activated form of STAT3) was reduced in the lesions of nanoceria-treated mice, and 
not only were M1 macrophages reduced and M2 macrophages increased, but T cells were reduced 
without an impact on NK cells. Fascinatingly, owing to its efficient targeting, nanoceria did not inhibit 
pregnancy in treated mice, whereas traditional therapeutics caused implantation failure (Figure 
5F,G). These findings suggest that nanoceria can function as a STAT/JAK inhibitor, influencing the 
overall immune environment of lesions without compromising fertility, thereby positioning 
nanoceria as an excellent choice for treating endometriosis. 
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Figure 5. Immunotherapy applications of nanoceria. (A) A schematic representation and catalytic activity of 
porous nanoceria (PN-CeO2). (B) tumor volume from the non-treated and treated mice (PN-CeO2 and sodium 
polystyrene sulfonate (PSS) coated PN-CeO2) after 20 days of treatment. *p < 0.05 and ***p < 0.001. Inset 
represents the Ex vivo images for the tumor for the non-treated and treated mice. (C) H&E staining, ROS staining 
and TUNEL staining for pathological changes of tumor tissues of each group after the 20-day treatments. All 
scale bars are 100 μm. (D) A pictorial representation for the theranostic application of albumin-nanoceria with 
indocyanine green (ICG) for non-invasive detection of endometriosis. (E) represents the photoacoustic and 
fluorescence microscopic images for mice injected with albumin-Ce-ICG nanoparticles. The arrows indicate the 
endometrial lesions in the mice. (F) Representative ex vivo images of uteri with implantation sites of treatment 
groups at gestation day 5.5. (Scale bar = 1 cm). (G) A graphical representation for the implantation sites for non-
treated, albumin-nanoceria treated and Tofactinib treated mice uterine horns. A statistically significant reduction 
in implantation sites between vehicle treated and tofacitinib treated mice were observed but not between vehicle 
and albumin-nanoceria treated cells showing that albumin-nanoceria does not influence fertility (n=6) (*** 
p<0.001). Reproduced with permission from [158,163]. Copyright 2020, Springer publishers.; 2025, Elsevier 
respectively. 

4.3. Theranostic Application of Nanoceria 

Theranostic approaches in modern medicine offer a dual advantage by enabling simultaneous 
disease diagnosis and treatment through non-invasive imaging [170,171]. Nanoceria, especially when 
doped with gadolinium or surface-modified with targeting ligands, combine potent antioxidative 
therapeutic properties with enhanced diagnostic imaging capabilities, primarily magnetic resonance 
imaging (MRI) and computed tomography (CT) contrast enhancement [172–174]. Their size 
tunability, biocompatibility, ability to scavenge ROS, and targeting capability make them highly 
promising theranostic agents for personalized diagnosis, image-guided therapy, and monitoring of 
inflammatory and cancerous diseases. For instance, Wu et al. engineered Fe₃O₄/CeO₂ core-shell 
nanoparticles that serve both diagnostic and therapeutic functions [175] (Figure 6A,B). In this system, 
iron oxide provided MRI contrast, while the cerium oxide shell delivered ROS-scavenging 
therapeutic benefits (Figure 6C,D). This multifunctional design not only facilitated MRI tracking and 
biodistribution analysis of the nanoparticles but also demonstrated high cellular uptake, a favorable 
Ce³⁺/Ce⁴⁺ ratio, and minimal cytotoxicity. These features make them promising tools for managing 
ROS-associated inflammatory disorders, including cardiovascular diseases, atherosclerosis, 
rheumatoid arthritis, and allergies (Figure 6E,F). The potential for targeted therapy was also 
discussed, highlighting the possibility of functionalizing these nanoparticles with antibodies or 
peptides targeting specific inflammatory markers, such as VCAM-1 and neutrophil cytosolic factor 
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1. Additionally, another study described magnetite-CeO₂ nanoconjugates formed by interlinking iron 
oxide and nanoceria, coated with polyethyleneimine (PEI) and crosslinked using glutaraldehyde 
[176]. These 8 nm-sized particles exhibited enhanced antioxidant activity both in vitro and in vivo, 
possessing superparamagnetic properties and effectively neutralizing ROS. The combination of 
magnetic responsiveness and potent antioxidant activity positions these nanostructures as valuable 
candidates for advanced theranostic applications. In a similar study, Eriksson et al. showed that a 5 
nm-sized nanoceria dopped with gadolinium showed excellent T1 relaxivity with ROS scavenging 
property. The bioluminescence study showed an inhibitory effect of ROS in vivo with a higher 
concentration of Ce3+ at the nanoparticle surfaces [173]. At the same time, Saidi et al. showed the use 
of nanoceria for CT application for in vivo tumor tracking and treatment [177]. To improve stability 
and contrasting properties, the nanoparticles (1-3 nm in size) were coated with hydrophilic and 
biocompatible poly(acrylic acid) (PAA) and poly(acrylic acid-co-maleic acid). The nanoparticles 
showed distinctive CT contrast signals in the bladder, and interestingly injection dose is ∼10 times 
less than those of standard iodine contrast agents (Figure 6G,H). A redox-active gadolinium-doped 
nanoceria was synthesized by Kolmanovich et al. [178]. Using polyelectrolyte, a layer-by-layer 
capsule was prepared and used for cellular uptake and MRI imaging for human osteosarcoma, 
adenocarcinoma cells, and normal human mesenchymal stem cells. 

Johnson et al. prepared theranostic nanoceria conjugated with fluorescein isothiocyanate (FITC)-
tagged epidermal growth factor receptor for the diagnosis and treatment of melanoma [179]. The 
theranostic potential of the nanoformulation was validated using both two-dimensional (2D) 
monolayer cultures and three-dimensional (3D) spheroid models derived from parental and 
metastatic melanoma cell lines. Confocal microscopy confirmed the diagnostic capability of the 
system through clear visualization of cellular uptake and distribution. To assess therapeutic efficacy, 
cell viability assays and ROS measurements were performed. In 2D models, a marked increase in 
overall cellular ROS was observed, while mitochondrial ROS remained largely unaffected. In 
contrast, the 3D melanoma spheroids exhibited a significant rise in both total and mitochondrial ROS 
levels, with metastatic spheroids showing a more pronounced response compared to the parental 
ones. These findings suggest that the nanoformulation is particularly effective against metastatic 
melanoma, highlighting its promise as a dual function theranostic agent. 
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Figure 6. (A) A schematic showing the SOD type activity for nanoceria. Cerium oxide exhibits regenerative 
antioxidant behavior by alternating between Ce³⁺ and Ce⁴⁺ states scavenging superoxide radicals as Ce³⁺ and 
neutralizing H₂O₂ as Ce⁴⁺. (B) A structural model illustrates iron oxide–cerium oxide core–shell nanoparticles 
(IO@CO). (C) MRI relaxation profile for non-treated and IO@CO treated macrophage cells. Treated cells with 
IO@CO1 and IO@CO2 showed a higher relaxation rate than untreated controls. ***P < 0.001. (D) MRI images 
revealed stronger dark signals in nanoparticle-treated cells, especially with IO@CO2 than untreated cells. (E) 
ROS scavenging ability of IO@CO NPs. ROS levels decreased significantly when cerium concentration reached 
14 ng/100 μL or more than control. **P < 0.01, ***P < 0.001 (F) Fluorescence imaging confirmed reduced oxidative 
stress, as nanoparticle-treated cells emitted lower green fluorescence compared to H₂O₂-treated cells. Scale bar 
200 μm. (G) In vivo CT images of the mice bladder before and after intravenous (IV) and intraperitoneal (IP) 
injections of an aqueous suspension sample of PAA-coated ultrasmall CeO2 nanoparticles at 70 kVp. The dotted 
circles at the bladder indicate the region of interest (ROI). (H) Contrast plots of the SNR-ROI of the bladder as a 
function of time. Reproduced with permission from [175,177]. Copyright, 2018, 2023, RSC publishing group. 

4.4. Nanoceria for Tissue Engineering Applications 

Due to its strong antioxidant capabilities, nanoceria plays a crucial role in promoting tissue 
repair by aiding stem cell growth and guiding their transformation into specific cell types. It also 
encourages the formation of new blood vessels, thereby accelerating the healing of damaged tissues. 
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When integrated into biomaterials and scaffold structures, nanoceria helps create environments that 
closely resemble natural tissue, which supports tissue regeneration and minimizes immune system 
rejection. Owing to its dual antioxidant and anti-inflammatory effects, nanoceria has emerged as a 
promising multifunctional tool for regenerating both soft and hard tissues, including skin, bone, 
nerve, and heart tissue [180–182]. 

Tissue repair facilitated by biomaterials generally follows two primary pathways: one involves 
regenerative remodeling, where damaged tissue is replaced with functionally similar parenchymal 
cells, and the other leads to the formation of fibrous tissue, resulting in scar-like structures. These 
outcomes are largely influenced by factors such as the regenerative capacity of resident cells and the 
severity of tissue damage, as well as the structural integrity or degradation of the extracellular matrix 
(ECM) at the implantation site [148,183]. A critical component in enhancing cellular regeneration lies 
in designing scaffolds that can replicate biochemical cues essential for parenchymal cell growth and 
ECM synthesis. Within the realm of regenerative medicine, stem cells serve as key agents for tissue 
reconstruction, often in combination with scaffolds that support their differentiation and integration 
[180]. The regenerative potential of these scaffolds often hinges on how well they interact with stem 
or progenitor cells. In this context, research has focused on exploring both the cellular 
microenvironment and the specific responses elicited by nanoceria, as detailed in Table 3. 

Numerous experimental studies have validated the therapeutic benefits of both pristine and 
surface-modified nanoceria in various biomedical applications. As a notable example, nanoceria 
doped with samarium and modified with polyethylene glycol (PEG) chains were shown to boost 
endothelial cell proliferation, activate key angiogenic signaling pathways such as p38 MAPK and 
HIF-1α, and stimulate blood vessel development in chick embryo models [184]. Furthermore, 
integrating nanoceria into polymer-based structures has emerged as a strategic approach for 
promoting wound closure and skin regeneration. In particular, 3D scaffolds embedded with 
nanoceria have demonstrated strong potential as biomimetic platforms for replacing injured dermal 
tissue [185,186]. The integration of nanoceria into α-calcium sulfate hemihydrate (α-CSH) at 5% and 
10% concentrations were studied to develop a composite for bone repair (Figure 7A). Cell extracts 
from α-CSH and CeO₂/α-CSH composites were tested in vitro, revealing that the 5% CeO₂ composite 
notably enhanced cell proliferation, migration, and osteogenic gene expression in bone marrow 
stromal cells (Figure 7B,C). In vivo, critical bone defects in rats treated with the 5% CeO₂ composite 
showed improved bone regeneration, as evidenced by imaging (X-ray and micro-CT), mineral 
deposition at the bone interface, and increased osteocalcin expression (Figure 7D,E). Overall, the 5% 
CeO₂/α-CSH composite demonstrated superior osteogenic potential, suggesting its promise as a bone 
graft substitute [186]. 

Nanoceria has emerged as a promising candidate in treating cardiac conditions due to its 
antioxidant and anti-inflammatory actions. It shows potential in mitigating myocardial reperfusion 
injury by reducing elevated ROS levels and has demonstrated cardioprotective effects against 
oxidative damage. In CP-1 transgenic mice, intravenous delivery of 15 nmol nanoceria significantly 
curbed left ventricular dysfunction and dilation within two weeks [187]. Cardiac progenitor cells, 
essential for heart regeneration, require a controlled microenvironment for optimal growth. 
Nanoceria, due to its redox activity, can mitigate oxidative stress in cardiac progenitor cell cultures. 
Pagliari et al. found that exposure to nanoceria (5–50 μg/mL) for 24 hours did not impair CPC 
function and offered protection from H₂O₂-induced toxicity for up to a week [190]. The interplay 
between microRNAs and ROS plays a critical role in ischemia-reperfusion injury. A novel composite 
of silica-polydopamine/DNA/nanoceria was developed by Yang et al. to test in cell and animal 
models. Their findings confirmed a regulatory interaction between H₂O₂ and miR-21 via the 
PI3K/AKT pathway, offering new insights into oxidative stress signaling [194]. Additionally, 
nanoceria-loaded electrospun polycaprolactam PCL and PCL-gelatin nanofiber patches were 
designed as antioxidant cardiac scaffolds (Figure 7E) [195]. These patches supported various heart 
cells and helped prevent hypertrophy in cardiomyocytes by neutralizing ROS. 
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Table 3. Application of various nanoceria formulations in tissue engineering scaffolds. 

Nano 
formulation 

Role of 
nanoceria 

Cell type Tissue 
target 

Tissue repiar Outcome Ref 

Nanoceria-
incorporated 

hydroxyapatite 
(HA) coatings 

Additive 
to scaffold

  

Bone marrow 
stromal cells 
(BMSCs)  

Bone Constructive 
remodeling 

Enhances cell 
viability and 
osteogenesis, 

restores antioxidant 
defenses and gene 

expression and 
inhibits apoptosis, 
osteoclastogenesis, 

and oxidative stress. 

[188] 

Cancellous 
bone 

containing 
poly-L-lactic 

acid and 
nanoceria 

Additive 
to scaffold 

Mesenchymal 
stem cells 

(MSCs) 

Bone  Constructive 
remodeling  

Improvement of cell 
proliferation 

; Prevents apoptosis 
via calcium channel 
activation and HIF-
1α stabilization 

[182] 

Nanoceria 
  

 

Dispersion 
in 

medium 

BMSCs
 Bone & 

adipose 

Bone Constructive 
remodeling  

BMSC viability 
increased, while 
osteogenic and 

adipogenic 
differentiation were 
inhibited in a time- 

and dose-dependent 
manner 

[189] 

Nanoceria 
  

 

Dispersion 
in 

medium 

Cardiac 
progenitor 

cells (CPCs) 

Heart Constructive 
remodeling  

 

No alteration of the 
cellular growth and 

differentiation; 
Protection of cells 
against oxidative 

insults 

[190] 

Citrate-
stabilized 

nanoceria  
 

Dispersion 
in 

medium 

Primary 
mouse 

embryonic 
fibroblasts 

- Constructive 
remodeling  

 

Enhanced 
proliferative activity 

of primary cells; 
Reduction of 

intracellular ROS 
during the lag 
phase of cell 

growth; Modulation 
of major antioxidant 

enzymes 

[191] 

Nanoceria  
 

Dispersion 
in 

medium
  

Human 
adipose 
derived-

mesenchymal 
stem cells 

(hAd-MSCs) 

Skin Constructive 
remodeling  

Improved tensile 
strength of acellular 

dermal matrices 
impregnated with 

nanoceria enhances 
hAd-MSC growth 

and survival, boosts 
free radical 

scavenging, and 
increases collagen 

content 

[192] 
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Nanoceria & 
Samarium-

doped 
nanoceria  

 

Dispersion 
in 

medium 

Neural 
progenitor 

cells  

Nerves Constructive 
remodeling  

 

NPs enter cells and 
temporarily protect 

against oxidative 
stress. 

They hinder 
neuronal 

differentiation and 
disrupt the 

cytoskeleton, posing 
neurotoxicity risks. 
High collagen levels 

are observed. 

[193] 

 

Figure 7. (A) scanning electron micrographs for fabricated α-calcium sulfate hemihydrate (CHS)-CeO2 
nanocompoiste for bone tissue regeneration studies. (B) Quantitative analysis of mRNA levels for Alp, Runx2, 
Osx, Bsp, and Ocn in BMSCs after 7 days of incubation with extracts from various composite materials. Data 
represent triplicate samples per group (n = 3). (C) von Kossa staining results showing mineral deposition in 
BMSCs following 21 days of treatment with different composite extracts. Scale bar in the lower panel represents 
1 mm. (D) X-ray images captured in the anteroposterior view at four- and eight-weeks following implantation, 
with the red circles indicating the site of the bone defect. (E) Micro-computed tomography (micro-CT) scans of 
the tibia at eight weeks after composite implantation. The top row displays cross-sectional (transverse) views, 
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while the bottom row shows sagittal views of the tibial bone. (E) A schematic representation for the PCL-Gelatin-
Ce nanofiber formation and its application for cardiovascular tissue engineering. Reproduced with permission 
from [186,195]. Copy Right, 2019, Sage Publishers and 2021, Elsevier. 

4.5. Nanoceria for Wound Healing Applications 

As the largest organ by surface area, the skin plays a critical role in safeguarding the body, 
making the rapid healing of topical wounds vital for restoring its protective function. Wound healing 
is a complex, staged process involving hemostasis, inflammation, proliferation, and remodeling [196]. 
During the inflammatory phase, various immune cells are recruited to secrete cytokines and 
chemokines that drive tissue repair. ROS, key signaling molecules in this phase, help eliminate 
pathogens and sustain the inflammatory response [197]. However, excessive or uncontrolled ROS 
production can prolong inflammation, leading to chronic, non-healing wounds. Nanoceria offers 
therapeutic potential by modulating ROS levels, thereby reducing oxidative stress and promoting the 
resolution of inflammation. Although they cannot penetrate intact skin, open wounds provide an 
ideal route for delivering nanoceria with high bioavailability [147,198]. 

Chigurupati et al. studied the use of bare nanoceria for wound healing applications [199]. 
Nanoceria, with an average size of 3-5 nm, were introduced to normal cutaneous wounds in mice. 
Nanoceria enhanced the in vitro proliferation and migration of keratinocytes, fibroblasts, and 
vascular endothelial cells. In vivo, topical application of these nanoparticles significantly reduced 
wound size in C57BL/6 mice compared to untreated controls. Histological analysis revealed an 
increased density of blood vessels and infiltration of mononuclear leukocytes, suggesting enhanced 
angiogenesis that may facilitate infection prevention and debris clearance: critical steps in the 
formation of new skin tissue. Additionally, the antioxidant properties of the nanoceria led to reduced 
lipid and protein oxidation at the wound site, as evidenced by lower levels of 4-hydroxynonenal and 
nitrotyrosine. 

For topical and diabetic wound closure, nanoceria was mixed with various adhesives or 
incorporated into various hydrogel patches. This allows the slow release of nanoceria at the wound 
site and reduces their toxicity. Wu et al. prepared 5 nm-sized nanoceria and incorporated it into 
mesoporous silica nanoparticles (MSNs) for topical wound healing applications (Figure 8A) [200]. 
The nanocomposite showed ROS scavenging properties, accelerated wound closure, and reduced 
scar formation (Figure 8B). A higher expression of messenger ribonucleic acid (mRNA) levels of 
stearoyl-CoA desaturase 1, leucine-rich repeats and immunoglobulin-like domain 1, placenta-
expressed transcript-1, and platelet-derived growth factor-α in Sprague–Dawley (SD) rats were 
observed after the administration of NPs. The combined action of nanoceria, functioning as a catalytic 
antioxidant, and MSNs serving as tissue adhesives, was further validated by a noticeable decrease in 
superoxide anion levels and reduced infiltration of CD68-positive macrophages at the wound site 
(Figure 8C,D). 

In diabetic wounds, elevated glucose levels lead to protein glycation, triggering the release of 
proinflammatory cytokines and disrupting healing by increasing oxidative stress and altering the 
extracellular matrix. These chronic wounds are prone to infection, often requiring antibiotics and 
immune modulators. Nanoceria, with their catalytic antioxidant properties, help reduce 
inflammation and oxidative stress, promoting healing in both standard and diabetic chronic wounds. 
Wang et al. fabricated polymeric vesicles (PVs) for the incorporation of antibiotic ciprofloxacin (CIP) 
and nanoceria for the treatment of infected wounds in a streptozocin (STZ)-induced diabetic mouse 
model (Figure 8E) [201]. The study was based on the understanding that diabetic individuals often 
have diminished levels of SOD which controls oxidative stress. To address this, the researchers 
incorporated nanoceria, which possesses SOD-like properties, to promote more effective wound 
healing. To prepare the formulation, CIP-loaded PVs were incubated with cerium nitrate and sodium 
hydroxide, triggering the in-situ formation of nanoceria on the vesicle surface. These nanoparticles, 
approximately 4 nm in size, were embedded into the PVs, resulting in a hydrodynamic diameter of 
539 nm. The nanoparticles exhibited SOD-mimicking activity and facilitated the sustained release of 
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CIP. Notably, the surface of the nanoceria contained 40.4% Ce³⁺, which can be an added advantage 
for antioxidant properties. Topical application of the CIP–ceria–PV system to wounds infected with 
Staphylococcus aureus in diabetic mice markedly accelerated wound closure (Figure 8F). This 
therapeutic effect was attributed to a dual action: bacterial eradication by CIP and reduction of ROS 
levels through antioxidant activity of nanoceria. The combined effect led to full wound healing and 
re-epithelialization within 14 days, whereas untreated and control groups continued to exhibit 
unhealed, open wounds without new epidermal formation (Figure 8G). 

Various hydrogel-based scaffolds embedded with nanoceria are used for various wound-
healing applications. The hydrogel polymeric support will allow the slow release of nanoceria at the 
wound site. Hydrogels provide a 3D network structure which can provide moisture, promote cell 
migration, and provide the ideal architecture for cell growth and tissue engineering, while also 
promoting the antioxidant properties of nanoceria [202,203]. Augustine et al. fabricated ceria-loaded 
gelatin methacryloyl (GelMA) scaffolds to enhance the healing of diabetic wounds [204] (Figure 8G). 
This composite material showed inhibition of bacterial growth and enhancement of angiogenic 
activity, leading to an acceleration in the healing process of diabetic skin wounds in rats with a 
loading efficiency of 1% w/w cerium in Gelma. Similarly, in two independent studies, it was reported 
that cryogels loaded with microRNA-nanoceria showed enhanced cell proliferation and wound 
healing capability in diabetic wounds [205,206]. Nanoceria exhibit strong antioxidant capabilities, 
while microRNA-146a serves as a suppressor of the NF-κB-mediated inflammatory response. When 
combined, the CNP-miR146a formulation offers a dual-effect by simultaneously mitigating oxidative 
damage and inflammation. Administering this combination directly into the skin has been shown to 
improve collagen production, stimulate new blood vessel formation, and reduce inflammatory and 
oxidative markers leading to accelerated healing in diabetic wound models (Figure 8H). 

To better understand the multifaceted roles of nanoceria, numerous studies have been 
performed into their biological behavior and potential therapeutic benefits for wound healing. 
Pandey et al. observed that temperature significantly influences the redox functionality of CeO₂ NPs, 
noting a decline in superoxide dismutase-like activity as temperature decreases [207]. Additionally, 
these nanoparticles demonstrated up to 60% inhibition of α-amylase at 1 mM, highlighting their 
relevance for antidiabetic applications, particularly in managing diabetic wounds due to their 
combined antioxidant, antimicrobial, and metabolic regulatory properties. In parallel, Bai et al. 
emphasized the enzyme-like capabilities of nanoceria, describing their redox mechanism involving 
the interconversion of Ce³⁺ and Ce⁴⁺ states, which creates oxygen vacancies [141]. This structural 
characteristic allows them to mimic multiple enzymatic functions, such as those of catalase, 
peroxidase, oxidase, and superoxide dismutase. These multienzyme-mimetic properties make 
nanoceria a promising tool in areas such as disease diagnostics, therapeutics, and broader biomedical 
applications, especially due to their capacity to neutralize nitric oxide and other reactive species. 
Further insights from He et al. explored the molecular underpinnings of nanoceria-mediated wound 
healing, identifying their role in modulating mitochondrial function via the NLRP3 inflammasome 
pathway [208]. Differential gene expression analysis pointed to involvement in immune regulation, 
metabolic pathways, and inflammatory signaling, including the TNFR2/NF-κB axis. Notably, CeO₂–
Y@ZIF-8@Gel treatment helped prevent mitochondrial DNA escape and reduced inflammasome 
activation, leading to decreased IL-1β secretion and promoting an anti-inflammatory macrophage 
phenotype by limiting cGAS-STING signaling. 
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Figure 8. Application of nanoceria for wound healing applications. (A) Schematic showing accelerated wound 
healing using MSN-Ceria, a ROS-scavenging tissue adhesive that promotes wound closure by drawing wound 
edges together and mitigating oxidative stress to support tissue regeneration. (B) Stereomicroscopic images of 
wound surfaces on day 22 post-injury reveal healing progress. (C) DHE-stained cryosections on day 2 highlight 
superoxide anion production at the wound site. Scale bar: 100 μm. (D) Immunofluorescence images of CD68+ 
macrophages (green) on day 5 indicate immune cell infiltration in untreated, MSN-, and MSN-Ceria-treated 
groups. Scale bar: 50 μm. (D) schematic illustration of the preparation and working principle of CIP-Ceria-PVs 
for diabetic wound application. (E) In vivo superoxide levels monitored by fluorescence microscopy using CIP-
Ceria-PVs. Scale bar: 100 μm. (F) Haematoxylin and eosin-stained (H&E) or Masson-stained mouse skin tissue 
of the wound area. Scale bar: 200 μm. (G) A schematic showing the Gelma-Cerium NP hydrogel patches for 
wound healing [application. (H) H and E staining results for diabetic wounds from rats. mRNA-Cerium NPs 
showed recued inflammation, oxidative stress, and enhanced angiogenesis after the treatment compared to 
control studies. Scale bar 50 μm. Reproduced with permission from [200,201,204,205]. Copyright 2018, Elsevier; 
2021 and 2020, American Chemical Society; 2022, Elsevier respectively. 

Despite the potential of conventional nanozymes, their inability to continuously neutralize 
newly formed reactive oxygen species, especially hydroxyl radicals (·OH), poses limitations. 
Addressing this, Zhu et al. developed an advanced antioxidant nanoplatform by loading the NF-κB 
inhibitor JSH-23 into copper-doped ceria nanozymes [209]. To enhance tissue compatibility and 
adhesion in wound environments, these nanozymes were incorporated into a hydrogel spray 
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composed of oxidized sodium alginate and methacrylated gelatin. This formulation not only 
activated Nrf2 pathways in macrophages, thereby suppressing oxidative stress at the source, but also 
maintained strong ROS-scavenging properties, significantly improving healing in diabetic wound 
models. Lastly, Carvajal et al. demonstrated that nanoceria can counteract oxidative stress-induced 
cellular changes by reversing H₂O₂-triggered phosphorylation events that regulate cell proliferation, 
stress signaling, and transcription [210].Their intervention notably impacted pathways involving 
mTOR, MAPK/ERK, CK2A1, and PKACA, further supporting the regulatory potential of nanoceria 
in oxidative stress-related cellular processes. 

Even though there are multiple examples and applications of nanoceria for wound healing, 
future research on nanoceria should focus on optimizing their formulation and delivery, 
understanding their molecular mechanisms, ensuring biosafety, and translating preclinical successes 
into clinical therapies using standardized protocols. Additionally, regulatory compliance should be 
considered. Caution must be exercised regarding potential toxicity, immune responses, and chronic 
effects of particles to fully realize their promise in wound care. 

5. Conclusions and Future Directions 

The existing literature shows that nanoceria has emerged as a highly versatile nanomaterial with 
broad potential across diverse fields. Its distinctive redox and catalytic behavior has made nanoceria 
valuable in several biosensing and therapeutic applications. The excellent antioxidant properties of 
these nanoparticles were utilized as a diagnostic tool for detecting the COVID-19 virus and for 
targeting respiratory infections [211]. The potential use of nanoceria in medicine remains promising, 
particularly when considering strategies aimed at engineering their surface characteristics to enhance 
efficacy and biocompatibility. Notably, nanoceria demonstrates dual redox behavior, acting as either 
a reactive oxygen species (ROS) scavenger or an inducer, depending on the microenvironment. This 
duality is particularly advantageous in oncology, where nanoceria has shown selective toxicity 
towards cancer cells while shielding healthy tissues from chemotherapy-induced oxidative stress. 
Furthermore, nanoceria can be functionalized with various therapeutic and diagnostic agents, 
including small-molecule drugs, miRNAs, monoclonal antibodies, and imaging probes to enhance its 
biomedical performance. Some of these conjugate systems have already yielded encouraging results 
in preclinical models. Advancing the design of these surface-modified nanoceria platforms could 
offer significant breakthroughs in cancer therapy and beyond. 

6. Future Direction and Prospects 

Despite the immense therapeutic potential of nanoceria, significant concerns exist regarding its 
biological safety. One major hurdle is the variability introduced by different synthetic methods, 
which can alter the physicochemical characteristics of nanoceria and thereby influence its biological 
activity and safety. This inconsistency complicates the prediction of the nanomaterial’s behavior in 
biological systems. Additionally, regulatory frameworks for nanomaterials remain underdeveloped, 
and concerns about nanoparticle purity persist as contaminants can lead to unintended toxic effects. 

Nanoceria has been known to have cytotoxic, genotoxic, and neurotoxic effects, particularly after 
prolonged exposure [212]. Extended contact with nanoceria may induce lung fibrosis and 
granulomas in both lung and liver tissues. Paradoxically, sustained exposure can also trigger 
inflammation and elevate oxidative stress in specific organs, including the brain, where neurotoxic 
effects persist even after cerium is no longer detectable [213]. These adverse outcomes highlight the 
delicate balance between the beneficial antioxidant roles nanoceria plays and its potential to cause 
harm within biological systems. 

Another challenge with nanoceria in medicine is its rapid renal clearance. which is attributed to 
its nanoscale size [214]. While quick elimination is often beneficial in reducing toxicity, it limits the 
duration over which nanoceria can exert therapeutic effects detracting from its efficacy in treating 
chronic conditions. Ironically, the very features that make nanoceria attractive—small size, robust 
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ROS scavenging activity, and surface valence cycling—also contribute to its toxicological risks and 
clearance issues [215]. Thus, the unique physicochemical traits that enable its medicinal promise 
simultaneously underpin the difficulties faced in safely harnessing nanoceria for long-term 
biomedical use. 
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